Pre-steady state partitioning analysis of the HhaI DNA methyltransferase directly demonstrates the catalytic competence of the enzyme⅐DNA complex and the lack of catalytic competence of the enzyme⅐S-adenosyl-L-methionine (AdoMet) complex. The enzyme⅐AdoMet complex does form, albeit with a 50-fold decrease in affinity compared with the ternary enzyme⅐AdoMet⅐DNA complex. These findings reconcile the distinct binding orientations previously observed within the binary enzyme⅐AdoMet and ternary enzyme⅐S-adenosyl-Lhomocysteine⅐DNA crystal structures. The affinity of the enzyme for DNA is increased 900-fold in the presence of its cofactor, and the preference for hemimethylated DNA is increased to 12-fold over unmethylated DNA. We suggest that this preference is partially due to the energetic cost of retaining a cavity in place of the 5-methyl moiety in the ternary complex with the unmethylated DNA, as revealed by the corresponding crystal structures. The hemi-and unmethylated substrates alter the fates and lifetimes of discrete enzyme⅐substrate intermediates during the catalytic cycle. Hemimethylated substrates partition toward product formation versus dissociation significantly more than unmethylated substrates. The mammalian DNA cytosine-C-5 methyltransferase Dnmt1 shows an even more pronounced partitioning toward product formation.
DNA methyltransferases sequence-specifically modify DNA in a wide range of organisms (1) . The enzymes require the methyl donor S-adenosyl-L-methionine (AdoMet) 1 to modify the exocyclic amine (for cytosine-N 4 -specific methyltransferases (EC 2.1.1.113) and adenine-specific methyltransferases (EC 2.1.1.72)) or the 5-carbon ((cytosine-5-)-methyltransferases (EC 2.1.1.37)) of their target base. The family of exocyclic amine methylating enzymes is expected to share a common chemical mechanism (2) as is the family of (cytosine-5-)-methyltransferases (3, 4) . Methyltransferases from each family have been shown to stabilize the target nucleoside out of the DNA helix (5, 6) , and nucleoside "flipping" is expected to be a common strategy employed by DNA methyltransferases (7) .
HhaI DNA methyltransferase (M.HhaI) modifies the carbon at position 5 (C-5) of the inner cytosine in the double-stranded cognate sequence 5Ј-GCGC-3Ј. Nucleophilic attack on C-6 of the target cytosine by Cys 81 forms a covalent intermediate and activates C-5 for nucleophilic attack on the methylsulfonium of AdoMet. Methyl group transfer is followed by proton abstraction from C-5, ␤-elimination of the enzyme-DNA adduct, and product dissociation. M.HhaI follows a rapid equilibrium ordered mechanism with a substrate containing multiple cognate sites in which the enzyme binds DNA prior to the cofactor (8) . The x-ray crystal structure of the enzyme bound to AdoMet indicates a two domain organization in which a DNA binding cleft separates catalytic and target-sequence recognition domains (9) . That AdoMet was bound in the M.HhaI crystal structure was surprising in light of the proposed kinetic mechanism. The crystal structure of the ternary complex formed with enzyme, DNA, and cofactor product, donor S-adenosyl-Lhomocysteine (AdoHcy), reveals the target cytosine flipped completely out of the DNA helix and into the active site of the enzyme (5) .
The two domain organization of M.HhaI is common to all DNA methyltransferases (4, 9 -12) . The catalytic domain of the catechol O-methyltransferase is structurally similar to that of M.HhaI and other DNA methyltransferases (13) . Furthermore, the AdoMet binding pocket revealed in M.HhaI crystal structures is expected to be common to protein, DNA, RNA, and small molecule AdoMet-dependent methyltransferases (14, 15) . Enzyme-mediated nucleoside flipping, first observed in M.HhaI, occurs with other DNA methyltransferases (6, 16) and DNA repair enzymes (17, 18) . M.HhaI thus embodies structural and functional characteristics common to DNA repair enzymes, AdoMet-dependent enzymes, and DNA methyltransferases.
In view of this rich structural context, we sought to provide complementary mechanistic insights. We characterized the energetic contributions toward the binding preference of the enzyme with hemimethylated substrates. This binding discrimination is enhanced with the cofactor. Inspection of the available cocrystal (19, 20) shows that some of this discrimination derives from the maintenance of a cavity present in the structure containing unmethylated DNA and occupied by the methyl group in the structure containing hemimethylated DNA. Similarly, previous crystallography studies identified two binding orientations for AdoMet (5, 9) . Isotope partitioning and protein fluorescence studies show that the low affinity enzyme⅐AdoMet complex is not catalytically competent. Mechanistic studies show that the partitioning of enzyme⅐substrate intermediates is modulated by hemi-and unmethylated substrates.
EXPERIMENTAL PROCEDURES
Enzyme Expression and Purification-M.HhaI was expressed from vector pHSHW-5 in Escherichia coli strain ER1727 (kindly provided by S. Kumar, New England Biolabs) Purification was according to Greene et al. (21) . Protein concentration was determined by active site titration (22) .
Oligonucleotide Synthesis and Purification-Mechanistic analysis required the use of a single-site DNA substrate. The unmethylated and hemimethylated 30-mer substrates are shown below. The target base is the internal cytosine in the recognition sequence (underlined); the 5-methycytosine in the hemimethylated substrate is denoted M.
5Ј-GGGAATTCATGGCGCAGTGGGTGGATCCAG-3Ј 3Ј-CCCTTAAGTACCGCGTCACCCACCTAGGTC-5Ј
5Ј-GGGAATTCATGGMGCAGTGGGTGGATCCAG-3Ј 3Ј-CCCTTAAGTACCGCGTCACCCACCTAGGTC-5Ј
SUBSTRATE SEQUENCES
Substrate oligonucleotides were synthesized by Research Genetics (Huntsville, AL) and high pressure liquid chromatography purified on a Dynamax PureDNA column (Rainin Instrument Co.) according to the manufacturer's specifications. Oligonucleotides were stored in 10 mM Tris, pH 8.0, 1 mM EDTA. Concentrations were determined using calculated extinction coefficients (23) . For gel mobility shift assays, DNA substrates were radiolabeled using [␥-
32 P]ATP (Amersham Pharmacia Biotech) and T4 polynucleotide kinase (New England Biolabs). Unincorporated label was removed with Bio-Gel P-6 spin columns (Bio-Rad).
Cofactor Purification-S-Adenosylmethionine, S-adenosylhomocysteine, and sinefungin were purchased from Sigma. AdoMet was further purified as described previously (22, 24) . S-[methyl-
3 H]adenosylmethionine was purchased from Amersham Pharmacia Biotech. All cofactor dilutions were in 0.1 N HCl.
DNA Equilibrium Dissociation Constants-For K D DNA determinations in the absence of cofactor, binding assays containing 1 nM 32 Plabeled DNA and M.HhaI from 16 to 1000 nM in MR buffer (100 mM Tris, pH 8.0, 10 mM EDTA, 200 g/ml bovine serum albumin, and 10 mM dithiothreitol) were incubated at 37°C for 10 min. For K D DNA determinations in the presence of cofactor analogues, binding assays containing 1.0 pM 32 P-labeled DNA, 20 M AdoHcy or sinefungin, and M.HhaI from 1.0 to 200 pM in MR buffer were incubated at 37°C for 10 min. The samples were loaded onto prerun, 12% nondenaturing polyacrylamide gels. Gels were run at 300 V for 90 min at room temperature. Gels were dried, exposed to film or image plates, and analyzed on a STORM 840 densitometer (Molecular Dynamics, Inc. (25, 26) using the program Scientist (MicroMath Software, Inc.). (E and S are the free enzyme and DNA concentrations, respectively; ES is the concentration of E⅐DNA complex; and E 0 and S 0 are the total concentrations of enzyme and DNA, respectively). S 0 was used as a fitting parameter with this system of equations. The resultant fitting generated S 0 values commensurate with the expected S 0 values.
AdoMet Equilibrium Dissociation Constant-A Perkin-Elmer LS50B luminescence spectrometer was used for fluorescence measurements. Excitation and emission slit widths were 5.0 mm. A xenon lamp was used at an excitation wavelength of 280 nm. Emission spectra were recorded from 320 to 400 nm from a 3.0-ml stirred quartz cuvette at 22°C containing M.HhaI (1 M), 100 mM Tris, pH 8.0, 10 mM EDTA, 10 mM dithiothreitol. Spectra were recorded as the AdoMet concentration was varied from 0.30 to 103 M. To determine K D AdoMet , the fluorescence intensity at the initial max , F 0 , was subtracted from the intensity, F, after addition of AdoMet. F Ϫ F 0 was plotted versus AdoMet concentration and fit to a rectangular hyperbola using KaleidaGraph.
Methyltransferase Assays-Filter binding assays monitored the incorporation of tritium labeled methyl groups into DNA. Reaction buffer, protein dilution buffer, and processing of filters were as described previously (22) .
Steady State Assays-Single time point assays were started with the addition of DNA to the remaining reaction components. Samples were processed after 10 min at 37°C. Final DNA concentrations were from 1 to 12 nM, AdoMet concentrations ranged from 25 to 400 nM, and the M.HhaI concentration was 0.2 nM. Data were analyzed using the programs of Cleland (27) 3 H]AdoMet specific activity identical to that of the final reaction mixture described above.
Substrate Exchange Assay-To analyze the partitioning of substrate DNA from the M.HhaI⅐DNA complex, 0.3 nM 390-base pair poly(dI-dC: dI-dC) was incubated with 10 nM M.HhaI in MR buffer at 37°C for 1.5 min. To start the reaction, a mixture containing 1 M [methyl-
3 H]-AdoMet plus 1.8 nM 1400-base pair poly(dI-dC:dI-dC) as a molecular competitor was added. Aliquots of the reaction mixture were removed over time and centrifuged through P-6 spin columns (Bio-Rad) to remove unincorporated AdoMet. The DNA was separated on a 6% polyacrylamide, 8 M urea gel run at 400 V for 1.5 h and visualized via fluorography (30) with Liquiscint (National Diagnostics). The gel was dried and exposed to Fuji XAR film for 1 week at Ϫ70°C.
RESULTS

Steady State Parameters and Kinetic Mechanism for Singlesite Substrates-Intrinsic catalytic turnover constants (k cat ), Michaelis constants for AdoMet (K m
AdoMet ) and DNA (K m DNA ), and specificity constants (k cat /K m DNA ) given in Tables I and III were obtained from double reciprocal analyses (Fig. 1) . The rate equations for several kinetic mechanisms were fit to the steady state data for both the unmethylated and hemimethylated substrates. For the unmethylated substrate, the data are fit equally well by the equation describing a rapid equilibrium ordered mechanism and a steady state ordered mechanism (31) . For the hemimethylated substrate, the data are best described by the equation for a steady state ordered mechanism. Both equations describe ordered, bisubstrate mechanisms in which DNA binds before productive AdoMet binding. The K m DNA term present in the equation for a steady state mechanism is a function of kinetic constants corresponding to the rates of substrate binding and product release. When the rate constant for the DNA dissociation step is small relative to the other rates of binding and release, the K m DNA term is reduced to zero, and the equation for the steady state mechanism reduces to the equation for a rapid equilibrium mechanism (31). Our results for single-site unmethylated substrate are generally consistent with the rapid equilibrium ordered kinetic mechanism proposed by Wu and Santi (8) . However, the data shown in Fig. 1 and summarized in Table I support slightly different kinetic mechanisms for unmethylated versus hemimethylated substrates, as will be discussed.
Competency Analysis of the Enzyme⅐AdoMet Complex-The kinetic mechanism proposed by Wu and Santi (8) and suggested by our results predicts either that the binary enzyme⅐AdoMet complex is not formed or that, if formed, it is not catalytically competent. These alternatives can be further probed using isotope-partitioning analysis (28, 29) . Preincubation of M.HhaI with radiolabeled AdoMet followed by addition of DNA and radiolabeled AdoMet results in a burst of methylated product formation, followed by a slower rate of product formation. Preincubation of M.HhaI with radiolabeled AdoMet followed by addition of DNA and unlabeled AdoMet reduces the burst magnitude and steady state rate of product formation 20-fold, commensurate with the dilution of specific activity of the cofactor ( Fig. 2A) . If the enzyme⅐AdoMet complex does not form at all, then this apparent reduction of burst magnitude and steady state rate of product formation is expected due to the unlabeled AdoMet added to the reaction mixture with the substrate DNA. If the enzyme⅐AdoMet complex does form but in a catalytically unproductive manner, then this result is expected because the preformed complex must dissociate in order to bind DNA and then AdoMet in a catalytically productive manner. Under these circumstances, the unlabeled AdoMet added to the enzyme with the DNA causes the apparent reduction of burst magnitude and steady state rate of product formation. Although consistent with both predictions described above, the results shown in Fig. 2A argue against any mechanism that invokes a functional enzyme⅐AdoMet complex.
Formation of the Enzyme⅐AdoMet Complex as Detected by Native Protein Fluorescence-Although the isotope partitioning results argue against a competent enzyme⅐AdoMet complex, they leave open the question of whether such a complex forms at all. For M.HhaI, the single tryptophan residue (Trp 41 ), located in the AdoMet binding pocket (9) , facilitates detection of the enzyme⅐AdoMet complex via steady state native fluorescence experiments. In agreement with the crystal structures, the native fluorescence upon excitation at 280 nm has an emission maximum of 358 nm, indicative of a solvent-exposed tryptophan residue (32) . Upon addition of AdoMet, the tryptophan fluorescence intensity decreases. Furthermore, an emission maximum blue shift, evident with increasing AdoMet concentration, suggests that cofactor binding may shield the tryptophan from the aqueous solvent (32) . The dissociation constant for AdoMet was determined to be 11.5 M. , and 64 nM (OE). The rate equation for the steady state ordered mechanism is fit to the data. Because lines were fit to the entire data set for each substrate, the fit of an individual line is less important than the fit of the set of lines to the entire data set. of the complex. Together, the results indicate the formation of a relatively weakly bound, catalytically inactive enzyme⅐ AdoMet complex.
Detection of a Dead-end Binary Enzyme⅐AdoMet Complex-
The formation of a dead-end binary enzyme⅐AdoMet complex predicts lower levels of free, functional enzyme as AdoMet concentrations are increased. In a classical burst analysis or active site titration (i.e. Fig. 2C ), the burst magnitude corresponds to the functional enzyme concentration (33) . After preincubation of high concentrations of enzyme with varying AdoMet concentrations, excess DNA was used to start the methyltransferase reaction and obtain a kinetic burst analysis. AdoMet concentrations were chosen based on the K D AdoMet determined from the fluorescence titration results. The predicted decrease in burst magnitude with increasing AdoMet concentrations was not observed. Also unobserved was the similarly predicted substrate inhibition by AdoMet (Ref. 8 and data not shown). The most plausible explanation for these observations is that the enzyme⅐AdoMet complex associates and dissociates rapidly relative to the dead time of the experiment (several seconds, in this case). If so, the AdoMet would not alter the effective concentration of free enzyme available for catalysis, resulting in identical burst magnitudes.
Competency Analysis of the Enzyme⅐DNA Complex-The kinetic mechanism proposed previously (8) and suggested by our results also predicts that the enzyme⅐DNA complex should be catalytically competent. The results of a "molecular" partitioning experiment (34) , in which DNA products are distinguished by their lengths, is shown in Fig. 2B . The left side of the fluorogram shows the products of the methyltransferase assay after 1.8 nM 1400-base pair and 0.3 nM 390-base pair DNA were added simultaneously to start the reaction. The 6-fold excess of 1400-base pair substrate over the 390-base pair substrate resulted in the predominance of the 1400-base pair product. The right side of the fluorogram (Fig. 2B) shows the results of a similar experiment in which the 0.3 nM 390-base pair substrate was preincubated with the M.HhaI. To start the reaction, 1.8 nM 1400-base pair substrate and [methyl-
3 H]AdoMet were added. The presence of the relatively large amount of 390-base pair product indicates that the initially formed enzyme⅐DNA complex is catalytically active. Thus, the relative rate constants for the forward reaction versus the release of the DNA (i.e. the partitioning from this binary complex) largely favor the forward process.
Identification of the Rate-limiting Catalytic
Step-Correlating functional analysis with the available M.HhaI structures requires a quantitative understanding of the relative contributions of various steps in the catalytic cycle toward k cat . Time course assays under steady state conditions reveal an initial burst and subsequent linear increase of product formation (Fig.  2C) . The simplest interpretation of these data is that catalysis (k cat ) is rate-limited by a step in the catalytic cycle after the chemical step (22) and that methylation and other prior steps occur more rapidly.
Measurement of the Rate of Methyl-group Transfer-Product formation over time under single-turnover conditions was fit to a single exponential for unmethylated and hemimethylated DNA (Fig. 3) . The k methylation values obtained from the singleexponential fits are roughly 2-and 3-fold greater than k cat for unmethylated and hemimethylated DNA, respectively (Table  I) . This confirms that the chemical step does not determine the overall rate of catalysis. For both substrates, the amount of product detected is slightly more than the theoretically expected amount for a single methylation event relative to the amount of unmethylated substrate present in the reaction mixture. This could most simply be accounted for by an actual concentration of substrate in the reaction mixture higher than calculated. The ratio of product to unmethylated substrate is twice that of the ratio of product to hemimethylated substrate. This result is consistent with previous pre-steady state kinetics results for the M.EcoRI and suggests that methylation of each strand occurs from a unique binding orientation (29) , with half of the hemimethylated binding events occurring in the unproductive orientation. tioned, right) . C, steady state burst analysis of M.HhaI. Product formation over time at 37°C for methyltransferase assays containing 25 nM enzyme (E) and 50 nM enzyme (Ⅺ). DNA and AdoMet concentrations were 250 and 500 nM, respectively. The non-zero y-intercept indicates that a kinetic step after the chemical (methyl group transfer) step governs the overall rate of catalysis.
Measurement of Equilibrium Dissociation Constants-
The available crystal structures of the hemi-and unmethylated DNA and M.HhaI (19, 20) can form the basis of understanding substrate discrimination if the functional analysis includes the corresponding equilibrium binding parameters. Dissociation constants were determined by gel mobility shift analysis. Fig.  4A shows a typical binding isotherm and autoradiogram of the gel mobility polyacrylamide gel electrophoresis. Results are summarized in Table II . Our experimental approach differs from previous M.HhaI gel mobility shift assays (35, 36) in that we varied enzyme concentration while maintaining a constant DNA concentration. In the absence of cofactor, M.HhaI binds hemimethylated DNA 7-fold more tightly than unmethylated DNA. In the presence of AdoHcy, M.HhaI binds unmethylated DNA 500-fold more tightly and hemimethylated DNA 900-fold more tightly. The discrimination in favor of hemimethylated DNA is 12-fold. DISCUSSION A detailed understanding of how enzymes distort DNA conformation and the effect it has on catalysis and specificity demands detailed structural and functional characterizations. DNA bending by enzymes and other proteins is well known. Stabilization of extrahelical nucleosides has been observed via x-ray crystallography in M.HhaI, the HaeIII DNA methyltransferase (4), uracil-DNA glycosylase (17) , and T4 endonuclease V (18) . The nucleoside flipping process has been observed via 2-aminopurine fluorescence in M.EcoRI (6, 37), M.TaqI, and M.HhaI (16) , and uracil-DNA glycosylase (38) . Crystal structures are available of M.HhaI bound to AdoMet (9, 39); covalently bound to DNA (5); noncovalently bound to unmethylated, fully methylated (19) , and hemimethylated DNA (20) ; and both nucleoside analog-containing (40, 41) and base pair mismatch-containing DNA (42) . M.HhaI represents a rich structural paradigm for DNA-modifying enzymes, yet many mechanistic issues remain unresolved. For example, the contributions of individual conformational changes such as nucleoside flipping, protein active site loop movement, and cofactor binding to the overall catalytic cycle are presently unknown. Similarly, the fate and lifetime of the covalent cysteinyl-cytosine and other potential intermediates are also unknown. Knowledge of these mechanistic details is required to understand such biologically relevant issues the discrimination between hemimethylated and unmethylated DNA sequences; cytosine deamination (43); and methyltransferase regulation, inhibition, and processivity. The wealth of M.HhaI structural information significantly motivated our detailed functional analysis and pursuit of a comprehensive understanding of DNA methyltransferases in terms of structure and function.
The steady state constants shown in Table I are similar to those reported for the large, multisite DNA (8) . However, for our 30-base pair single-site substrate, the enzyme shows significantly weaker binding of AdoMet, as indicated by K m AdoMet . On a multisite substrate such as poly(dG-dC), a processive 2 enzyme is not required to dissociate after each methylation event. The enzyme is thus "bound" to the multisite DNA ready to bind AdoMet to a greater extent than the single-site substrate, from which the enzyme must dissociate between catalytic turnovers. The higher K m AdoMet (11-19-fold) observed with our single-site substrate may derive from this difference because the various DNA-bound enzyme forms bind AdoMet more tightly than the free enzyme. The catalytic turnover numbers are similar to those reported for other DNA methyltransferases (22, 44 -47) . This suggests that k cat is limited by the same process for all DNA methyltransferases. Furthermore, for M.HhaI, the similar k cat for the short and long substrates (Table I) suggests that catalysis is limited by the same process for each.
The burst experiment in Fig. 2C demonstrates that the turnover rate constant, k cat , is partially determined by methylation as well as one or more slower product release steps that follow methylation. The methylation rate constants, as determined by rapid quench experiments under single-turnover conditions, are only 2-or 3-fold greater than k cat for unmethylated and hemimethylated DNA, respectively (Fig. 3) . M.HhaI is similar to the mammalian cytosine-C-5 DNA methyltransferase, Dnmt1, in this respect (48) . This relationship between k cat and k methylation is in contrast to that of the adenine-specific M.EcoRI, in which k methylation is limited by nucleoside flipping and is at least 1600-fold greater than k cat (37) . This large difference between the cytosine and adenine DNA methyltransferases may derive from either their distinct chemical mechanisms or differences in the flipping of the target nucleosides. Although C-5-cytosine methylation is a priori more difficult to catalyze, DNA cytosine-C-5 methyltransferases employ a covalent intermediate to activate the poorly nucleophilic C-5 center. There is no indication that such nucleophilic catalysis occurs in the chemical mechanism of adenine DNA methyltransferases. Alternatively, if k methylation is limited by the rate of nucleoside flipping for M.HhaI as it is for M.EcoRI, then the much slower rates may derive from inherently greater energetic cost and slower kinetics for disrupting the GC base pair (49) . Cytosine-N 4 -specific DNA methyltransferases provide a compelling test of these alternatives because these enzymes catalyze exocyclic amine methylation, as do the adenine-specific DNA methyltransferases, but presumably disrupt a GC base pair, as do the DNA cytosine-C-5 methyltransferases. Our unpublished results with M.BamHI support the latter alternative. 3 The k cat /K m ratios shown in Table III indicate that the steady state discrimination of hemimethylated and unmethylated DNA is less than 2-fold in favor of unmethylated DNA. This relatively small effect is similar to other bacterial DNA methyltransferases and contrasts with Dnmt1, which shows a 10 -20-fold preference for hemimethylated DNA (48) . For M.HhaI, k cat is greater for hemimethylated DNA, and k methylation is greater for unmethylated DNA. This lack of correlation of k cat and k methylation is consistent with our observation that k cat is dominated by steps after catalysis and not by k methylation (Fig.  2C) . Furthermore, because k methylation is not rate-limiting, the slight preference for unmethylated DNA observed at the level of the specificity constants (k cat /K m ) cannot be due to the different contributions of k methylation but must be due to other terms in k cat /K m .
Although the 2-fold steady state discrimination for unmethylated DNA is small, we were compelled to examine its molecular underpinnings because of the wealth of structural information available for M.HhaI. Enzymes frequently exploit binding interactions to affect specificity. In addition to complementing the structural analysis, thermodynamic constants are not complicated by kinetic terms beyond those involved in complex formation. The E⅐AdoMet, the unmethylated ternary, and hemimethylated ternary complexes for which thermodynamic constants have been determined (Table II) correspond directly to available crystal structures. The structures of the E⅐DNA⅐AdoHcy complexes show DNA bound in a central cleft dividing target-recognition and catalytic domains of the twodomain protein. Two "recognition" loops from the target recognition domain interact with the major groove of the DNA. Across the helix, the target nucleoside is extracted from the DNA double helix, placing its base into the active site pocket. The active site loop, containing the active site nucleophile (Cys 81 ), is seen in alternate conformations in the ternary and binary complexes. AdoHcy is bound in the ternary complexes, whereas in the binary complex, AdoMet is bound in a different orientation in the absence of DNA (5, 9, 39 ).
Dissociation constants for the binary M.HhaI⅐DNA complexes derived from gel mobility shift analyses (Fig. 4A) indicate an approximately 7-fold binding preference for hemimethylated DNA (Table II) . AdoHcy, one of the two reaction products, increases the stability of the M.HhaI⅐ hm DNA complex 900-fold (Table II) (20) . Additionally, the absence of the C-5-methyl group in the M.HhaI⅐AdoMet⅐DNA complex may be considered a "cavity-creating" perturbation with respect to the M.HhaI⅐ hm DNA⅐AdoHcy structure with an associated cost in binding energy that contributes to the observed differences in K D DNA . Proteins pay an energetic cost for the presence of cavities in the core (51) . Although partially solvent-exposed, the volume occupied by the C-5-methyl group in the M.HhaI⅐ hm DNA⅐AdoHcy structure is not compensated for by protein conformational changes in the M.HhaI⅐DNA⅐AdoHcy crystal structure (Fig. 5) . Of the residues that define this cavity, an ordered water that is hydrogen bonded to O⑀ of Glu 239 is conspicuous because of its presence in both structures, its proximity to the cavity, and lack of compensatory movement.
Inspection of the M.HhaI⅐AdoMet and M.HhaI⅐DNA⅐AdoHcy crystal structures (Fig. 6) indicates that the region normally bound by the cofactor is quite accessible. Thus, there is no a priori reason why the cofactor is precluded from binding prior to DNA. This would result in a random kinetic mechanism, which is not observed with our substrates or with poly(dG-dC). However, M.HhaI could formally have a random mechanism with a large preference for the initial addition of DNA (31) . The most compelling evidence against a random mechanism is our isotope partitioning experiment, which clearly argues against the catalytic competence of the M.HhaI⅐AdoMet complex (Fig.  2A) . The binary M.HhaI⅐AdoMet structure (Ref. 9 and Fig. 6 ) and our fluorescence results (Fig. 4B) (Tables I and II) indicate that the binding affinity is much weaker than in the presence of DNA. Furthermore, the binding orientations within the binary and ternary complexes are fundamentally distinct. AdoMet has been observed in the productive orientation in binary structures of M.HhaI and M.TaqI, although both were crystallized in the presence of DNA (11, 39) . Thus, DNA is required for AdoMet binding in the productive orientation. (Not all DNA methyltransferases require bound DNA for productive AdoMet binding, however: M.EcoRI proceeds by way of a mechanism in which productive AdoMet binding can precede DNA binding (22) ). The combined functional data show that in the absence of DNA, M.HhaI binds AdoMet nonproductively and that bound DNA is required for productive AdoMet binding.
Our results with hemi-and unmethylated substrates provide insights into the relationship between the affinity of the enzyme for its substrates, enzyme⅐substrate intermediate lifetimes, and the observed kinetic mechanisms. The double reciprocal plots for hemi-and unmethylated substrates ( Fig. 1) are clearly distinct. Although both data sets are well fit with the equation for a steady state mechanism, the data for the unmethylated substrate can also be fit with the equation for a rapid equilibrium mechanism (31) . The difference between these mechanisms in the context of M.HhaI centers on the processing of various enzyme⅐substrate intermediates, including enzyme⅐DNA, enzyme⅐DNA flipped , enzymeЈ⅐DNA flipped (i.e. after active site loop movement), enzymeЈ⅐DNA flipped ⅐AdoMet, etc. A rapid equilibrium ordered Bi Bi mechanism involves fast interconversion steps between enzyme forms prior to a slower forward step. In contrast, the "steady state mechanism" (i.e. ordered Bi Bi) requires that enzyme⅐substrate intermediates partition largely in the forward direction, and enzyme-product complexes may account for a significant portion of the total enzyme concentration. Inspection of the corresponding rate equations 4 shows that the relationship between K D DNA and K m DNA correlates with the degree to which a steady state mechanism approaches a rapid equilibrium mechanism. When FIG. 5 . Structural contributions to binding discrimination. Each M.HhaI recognition site contains two cytosines that can undergo methylation (5Ј-GCGC-3Ј/5ЈGCGC3Ј). The nontarget cytosine (green) in the unmethylated M.HhaI⅐DNA⅐AdoHcy crystal structure is shown (left) with the proximal structural elements (19) . The equivalent image of the M.HhaI⅐ hm DNA⅐AdoHcy structure is also shown (right) (20) . The black dots represent the van der Waal surfaces of the cytosine C-5 (left) and 5-methyl moiety (right). The Gln 239 and Glu 237 side chains are colored pink. The guanosine to which each cytosine is base paired is shown in red. The ordered water molecule found in both structures is shown in blue. The cavity surface (gray) was generated with the program SURFNET (56) . Glu 239 was previously implicated in binding discrimination (20) . The larger cavity volume seen in the unmethylated DNA complex (left) results from the absence of the methyl moiety and the lack of compensatory repacking of the proximal structural elements. 41 and Phe 18 (red) are visible through the calculated molecular surface of the enzyme. The extrahelical cytosine of the ternary complex is shown (blue). The cofactors (yellow) are seen in different orientations relative to the enzyme. In the putative nonproductive binding orientation of the binary complex, the adenosyl moiety is inserted into the binding pocket. In the ternary complex, however, it is the methionine moiety in the binding pocket. Among a variety of protein contacts, the purine ring stacks with the indole ring of Trp 41 and is perpendicular to the plane of the phenyl group of Phe 18 . The image was generated with GRASP (57) . The results of our analysis of M.HhaI and the effect of the methylation status of substrates can be seen as part of a larger mechanistic continuum that includes the mammalian DNA cytosine-C-5 methyltransferase Dnmt1. This enzyme modifies cytosine within CpG dinucleotides and is essential for mammalian viability (52) . For Dnmt1, K D DNA is 10-fold lower than K m DNA . The double reciprocal plots intersect to the left of the vertical axis so far as to appear nearly parallel (34) . Thus, Dnmt1 partitions forward from the individual enzyme⅐substrate intermediates even more than M.HhaI does with hemimethylated substrates. This must result in part from slower reverse steps because Dnmt1 is overall a slower enzyme than M.HhaI.
Rapid equilibrium and steady state mechanisms are distinguished by the partitioning forward, toward catalysis or back, toward dissociation of each enzyme⅐substrate intermediate. For M.HhaI, hemimethylated substrate demonstrates a greater forward partitioning, "commitment to catalysis" (53), or "stickiness" (54) than the unmethylated substrate. This substrateinduced modulation of kinetic mechanism derives from a single methyl group on the cytosine. The insight we have gained into how this small decoration of DNA alters the manner in which M.HhaI processes its substrate can be applied to DNA methyltransferases and to other enzymes and proteins that bind DNA. Examples include DNA replication and transcriptional regulation in bacteria, gene silencing in eukaryotes (including genomic imprinting and X-inactivation (55)), restriction/modification systems, and DNA mismatch repair.
